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Abstract WO5/TiO, nanotube array electrode was fab-
ricated by incorporating WO; with TiO, nanotube array via
a wet impregnation method using ammonium tungstate as
the precursor. TiO, and WO3/TiO, nanotube arrays were
characterized by field emission scanning electron micros-
copy, X-ray diffraction, and energy dispersive X-ray
analysis. In order to characterize the photoelectrochemical
properties of WO5/TiO, electrode, electrochemical imped-
ance spectroscopy, and steady-state photocurrent (i)
measurement at a controlled potential were performed in
the supporting electrolyte containing different concentra-
tions of glucose. The photoelectrochemical characteriza-
tion results reveal that WO3/TiO, nanotube array electrode
possesses a much higher separation efficiency of the
photogenerated electron-hole pairs and could generate
more photoholes on the electrode surface compared with
the pure TiO, nanotube array electrode. The i for glucose
oxidation at WO3/TiO, nanotube array electrode is much
higher than that at the pure TiO, nanotube array electrode.
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Introduction

Highly ordered and vertically oriented TiO, nanotube
arrays fabricated by direct anodization of titanium offer a
large surface area with an associated increase in geometric
and structural order [1-3]. Owing to the remarkable charge
transport property and superior oxidation ability, TiO,
nanotube arrays have been applied in many fields, such as
sensor [4-6], dye sensitized solar cell [7, 8], hydrogen
generation by water photoelectrolysis [8, 9], and also the
degradation of organic pollutants [10-13]. However, the
low photon conversion efficiency is still a major barrier
restricting the practical application of TiO, nanotube
arrays. The modifications on TiO, semiconductor such as
doping with other elements, coupling with other semicon-
ductors are potentially effective approaches to resolve this
problem. The doping of metal or nonmetal elements, such
as Fe [14], Sn [15], Zr [16], or N [17] is commonly used to
improve the photocatalytic activity of TiO, nanotube
arrays. The photocatalytic activity of TiO, nanotube arrays
has also been improved by coupling with the semicon-
ductors such as Fe,O5 [18], CdS [19, 20], SnO, [21], ZnO,
[22] and ZrO, [23]. Since WOj; has a slightly lower con-
duction band than TiO,, the photoelectrons are prone to
transfer from the conduction band of TiO, to that of WO;3
and result in the effective charge carrier separation when
TiO, nanotube array is coupled with WO; [24-26]. It has
been reported that TiO, nanotube arrays coupled with WO;3
possess enhanced electrochromic properties and a signifi-
cantly lower threshold voltage [27]. However, to the best of
our knowledge, the photoelectrocatalytic behavior of WO3/
TiO, nanotube array has not been reported.

In this study, TiO, nanotube array was synthesized via
titanium anodization in HF solution, and WOj3 was incor-
porated onto the resultant TiO, nanotube array via wet
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impregnation method. The effects of WO; on the charac-
teristics of TiO, nanotube array electrode were investigated
by comparing the photoelectrocatalytic oxidation efficien-
cies of water and organic compounds (i.e., glucose) at
WO5/TiO, nanotube array and the pure TiO, nanotube
array electrodes.

Experimental
Preparation of TiO, nanotube array electrode

Titanium sheet (0.2 mm thickness, 99.7% purity) was cut
into pieces of 20 x 50 mm?2. Prior to anodization, the
titanium sheet was cleaned with distilled water for 20 min
in ultrasonic bath, then it was chemically etched in strong
mixed acidic solution of HF and HNO; (HF:HNO;:H,0 =
1:4:5 v/v/v) for 2 min to obtain a fresh smooth surface.

The cleaned Ti sheet was anodized in a traditional two-
electrode reactor at 20 V for 2 h under stirring conditions
at ambient temperature (ca. 23 °C). Anodization experi-
ment was performed in a mixed electrolyte of glycerin and
deionized water (1:1 v/v), containing 1 wt% NH4F. After
the anodization, the as-prepared sample was subsequently
rinsed with the deionized water and dried in air to obtain a
fresh TiO, nanotube array sample. The sample was heated
at the heating rate of 2 °C/min to 450 °C and annealed for
1 h. Finally, the pure TiO, nanotube array electrode was
obtained.

Preparation of WO3/TiO, nanotube array electrode

WOj3/TiO, nanotube array electrode was prepared by
incorporating WO; onto TiO, nanotube array via wet
impregnation process using ammonium tungstate as the
precursor. The fresh TiO, nanotube array sample was
dipped into a 1 mM ammonium tungstate aqueous solution
for 2 h. Then, the sample was washed with the deionized
water and dried in air. Finally, the sample was heated at the
heating rate of 2 °C/min to 450 °C and annealed for 1 h.

Characterization of the nanotube arrays

The crystalline phase of the nanotube arrays was investi-
gated with an X-ray diffractometer using CuKo irradiation.
The morphology of the nanotube arrays was characterized
using a field emission scanning electron microscope
(FESEM) operated at 5 kV (LEO 1530 VP, Germany).
Energy dispersive X-ray (EDX) spectrometer (Inca 300,
Oxford, UK) fitted to electron microscope was used for
elemental analysis.

Photoelectrochemical cell apparatus and measurements

All the photoelectrochemical experiments were carried out
in a three-electrode electrochemical cell with a quartz
window for UV illumination. The working electrode sur-
face area exposed to electrolyte was confined by an elec-
trode holder with a 3 mm diameter round opening. The
pure TiO, or WO5/TiO, nanotube electrode, a saturated
Ag/AgCl electrode, and a platinum sheet were used as the
working electrode, reference electrode, and counter elec-
trode, respectively. About 0.1 M NaNOj aqueous solution
was employed as the supporting electrolyte. The volume of
the electrolyte was 100 mL. The concentrations of glucose
were adjusted in situ by carefully injecting the calculated
amount of glucose solution into the reaction media. Illu-
mination was carried out using a 300 W Xenon arc lamp
light source filtered by an UV band pass filter (UG-5,
Schott). The light intensity was 6.7 mW/cm?®. Electro-
chemical characterization, electrochemical impedance
spectroscopy (EIS), and steady-state photocurrent (ig), was
measured by CHI660 electrochemical workstation (CH
Instruments, USA).

Results and discussions
Structure characterization

Figure 1 shows the X-ray diffraction (XRD) patterns of Ti
sheet (curve a), TiO, nanotube array (curve b), and WO3/
TiO, nanotube array (curve c) annealed at 450 °C for 1 h.
For the control purpose, the XRD of pure Ti is also mea-
sured (see curve a). The typical patterns of the anatase
phase besides the peaks of Ti metal (JCPDs card: 84-1286)
can be observed in curve b and curve c, but no any peaks of
other TiO, phase have been observed, which indicates that
only the anatase is obtained under the calcination at
450 °C. The diffraction peaks of WOj; can be observed
after TiO, nanotube array incorporated with WOs, i.e., the
diffraction peaks of WO at 23.15°, 23.61°, and 24.37° can
be indexed to (002), (020), and (200) of the monoclinic
WO; phase, respectively. This suggests that the wet
impregnation method could effectively incorporate WO;5
onto TiO, nanotube array and the impregnation process do
not change the crystalline structure of TiO,.

In order to investigate the surface morphology of the
film electrodes, the top view of the FESEM images of TiO,
and WO3/TiO, nanotube arrays is shown in Fig. 2. It can
be observed that the nanotubes have an average pore
diameter of 100 nm and the wall thickness of ca. 15 nm.
The nanotubes are aligned vertically and orderly. The walls
of TiO, nanotubes are mainly covered by WOs5 nanopar-
ticles. Interestingly, WOs can be little observed in the TiO,
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Fig. 1 The X-ray diffraction patterns: a Ti sheet; b the pure TiO,
nanotube array, and ¢ WO5/TiO, nanotube array annealed at 450 °C
for 1 h

nanotube pores. It may be because the surface tension of
TiO, nanotube could block ammonium tungstate solution
to flow into the pore. Figure 2 also shows that the mor-
phology of TiO, nanotube array is completely maintained,
indicating that the TiO, nanotube array is so robust that the
nanostructure has not been affected by the WO; wet
impregnation process.

Figure 3 shows the EDX spectrum of the WO3/TiO,
nanotube array. The M, peak of W can be seen clearly at
1.77 keV. Besides the strong K, and Ky peaks of Ti ele-
ment appear at 4.51 and 4.92 keV, a moderate K, peak of
the element O can also be observed at 0.52 keV. This
further confirms that the nanotube array is made of WO;3
and TiO,.

Electrochemical characterization

Electrochemistry offers a powerful tool to explore photo-
electrochemical properties, such as the electron transport
properties at various electrode surfaces. EIS Nyquist plots
are commonly used to investigate the charge transfer
resistance and the separation efficiency between the pho-
toelectrons and photoholes [28]. The size of arc radius on
the EIS Nyquist plot indicates the rate of the photoelect-
rochemical reaction on the electrode [29], which is
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Fig. 2 FESEM images of nanotube arrays: a pure TiO, nanotube
array and b WO5/TiO, nanotube array

considered as a useful parameter for characterizing the
electron transport resistance in the electrochemical system
[30]. Usually, a larger circular radius represents a larger
electron transport resistance and a lower separation effi-
ciency of the photoelectrons and photoholes [31]. Figure 4
shows the impedance spectra of the prue TiO, and WO3/
TiO, nanotube array electrodes under UV illumination in
the 0.1 M NaNOj aqueous solution. The frequencies for
EIS measurement are in the range from 10° to 0.01 Hz. As
shown in Fig. 4, the circular radius of WO3/TiO, nanotube
electrode (Rwo, /tio, ) is significantly less than that of TiO,
nanotube array electrode, indicating that WO5/TiO, nano-
tube array electrode has lower charge transport resistance
and higher separation efficiency of the photoelectrons and
photoholes compared with TiO, nanotube array electrode.

Photoelectrochemical oxidation of glucose

Under UV illumination, the organic compounds can be
readily oxidized by TiO, electrode besides water. The
general equation for complete mineralization of an organic
compound, C,H,,0;,N;X,, on a TiO, electrode can be rep-
resented by Eq. 1:
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Fig. 4 EIS Nyquist plots of TiO, and WO5/TiO, nanotube array
electrodes under UV illumination

C,H,,O;N: X, + (2y +j)H,0 — yCO, + gX~
+ kNH; + (4y — 2j +m — 3k)H"
+ @y —2j+m—3k—q)e, (1)

where N and X represent the nitrogen and halogen atom,
respectively. The numbers of carbon, hydrogen, oxygen,
nitrogen, and halogen atoms in the organic compound are
represented by y, m, j, k, and ¢, respectively. The electron
transfer number (n) in the complete mineralization of the
organic compound is equal to (4dy — 2j + m — 3k — q).
Moreover, according to the semi-empirical treatment of
steady-state mass transfer method, under the diffusion
control condition, the photocurrent can be given by Eq. 2:

. nFADC
lss = 5 (2)

where, n is the number of electrons transferred for the
mineralization of organic compounds, which is equal to
4y — 2j + m — 3k — q). F is the Faraday constant, A is
the apparent surface area of the electrode, D and 9 refer to
the diffusion coefficient of an organic compound and the
thickness of the effective diffusion layer, respectively, and
C is the bulk concentration of the organic compounds.
Therefore, the photocurrent obtained in the organic

1 1 1 T T T T 1 1
15 20 25 30 35 40 45 50 585 6.0
Energy (keV)

compounds oxidation directly represents the photoelectro-
catalytic activity and effectiveness of oxidation process.

The overall steady-state photocurrent measured in the
experiment (iz) is generally composed of two parts: one
part (ine) coming from the oxidation of organic species
(i.e., glucose) and the other part (ipjan) coming from the
oxidation of water. The i, can be calculated by subtracting
Iplank 10 electrolyte without organic compounds from iy in
electrolyte with organic compounds according to Eq. 3.
For given experimental conditions, i, can be used to
represent the oxidation rate of the organic species and
therefore the photoelectrocatalytic efficiency of the TiO,
electrode.

inet = iss - iblank- (3)

Effect of potential bias on the iy

It is well known that applied potential bias can effectively
separate the photoelectrons and photoholes generated
under light illumination, and also promote the collection
efficiency of photoelectrons [31]. Figure 5 shows the
relationship between the blank photocurrents (ipank) Of
TiO, and WO;3/TiO, nanotube array electrodes and the
potential bias with the range from 0 to 1.5 V. As shown in
Fig. 5, the photocurrent increases with the increasing
potential before it levels off to a saturated photocurrent.
The linearly rising part of photocurrent is from 0.0 to
0.6 V, similar to the response of a resistor to the potential.
This implies that, in this potential range, the electron
transport from the electrode interface to the extern circuit is
the control step among the photoelectrocatalytic process.
The saturated part is from 0.6 to 1.5 V, implying that the
photoelectrons generated at the electrode surface during the
photoelectrocatalytic process could be mostly withdrawn
when the potential applied was over 0.6 V. Therefore,
the saturated photocurrents at both electrodes could be
observed when the potential is greater than 0.6 V,
suggesting that the applied potential during the
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Fig. 5 The effect of the potential bias on iy, of TiO, and WO3/
TiO, nanotube array electrodes

photoelectrocatalytic oxidation of organic compounds
should be more positive than 0.6 V to maximize the pho-
toelectrocatalytic efficiency of these electrodes. Therefore,
in order to ensure a sufficient potential bias while mini-
mizing the direct electrochemical reaction, potential bias of
0.8 V was selected for all the subsequent experiments.

Photoelectrochemical oxidation of glucose

In the course of glucose oxidation, the first step involves a
bimolecular reaction with the formation of a trapped hole
and a surface active radical (e.g., OH-, O,-). The photo-
electrochemical oxidation of glucose on TiO, and WO;/
TiO, nanotube array electrodes was investigated at the
constant potential bias of 0.8 V, as shown in Fig. 6. The
results show that, for both tested electrodes, the iy
increases with the increasing glucose concentration.
Moreover, in low glucose concentration range, the changes
of i, values are linear with glucose concentrations. While
in high glucose concentration range, the i, values deviate
from the linear relationship. This is likely due to that the
mass transport of organic compounds to the electrode
surface is the rate-limiting step at low concentrations but
the photoelectrocatalytic reaction at the electrode surface
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Fig. 6 Relationship between i, and concentration of glucose for
TiO, and WO5/TiO, nanotube array electrodes
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becomes the rate-determining step at high concentrations
(see Eq. 2). Most important of all, WO3/TiO, nanotube
array electrode possesses higher i, value in the high
concentration range (greater than 2 mM glucose), com-
pared with TiO, nanotube array electrode. This suggests
that the photoelectrocatalytic reaction of glucose on the
surface of WO3/TiO, nanotube array electrode is faster
than that on the surface of TiO, nanotube array electrode.
In other words, WO3/TiO, nanotube array electrode has a
higher photoelectrocatalytic activity for glucose compared
with TiO, nanotube array electrode.

Owing to the different band gap and band edge between
WOj; and TiO,, when WO3/TiO, nanotube array electrode
is excited by UV light, the photogenerated electrons are
prone to transfer from the conduction band of TiO, to that
of WOj; and result in the effective charge carrier separa-
tion, which has been testified by the aforementioned results
obtained from EIS measurement. The photogenerated
electrons can be transferred to the surface of WO; rather
than undergoing bulk recombination, while the holes would
be effectively scavenged by the water or glucose. Mean-
while, the loading WOj3 on the surface of TiO, nanotubes
facilitates the electron transport in the electrode. Attributed
to the separation of photogenerated electrons and holes,
WO3/TiO, nanotube array electrode exhibits the improved
photoelectrochemical oxidation performance for glucose.

Conclusions

WO3/TiO, nanotube array electrode was fabricated by
incorporating WO;3 with TiO, nanotube array via a wet
impregnation route using ammonium tungstate as the pre-
cursor. Compared with the pure TiO, nanotube array
electrode, WO3/TiO, nanotube array electrode has better
separation efficiency of the photoelectron and photoholes
and yields a higher steady-state photocurrent for oxidizing
glucose. The improved photoelectrochemical oxidation
performance of WO3/TiO, nanotube array electrode could
be attributed to the more effective separation of photo-
generated electrons and holes.
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